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Abstract:Non-ObstructiveParticleDamping(NOPD)technologyis apassivevibrationdampingapproachwhereby
metallicor non-metallicparticlesin sphericalor irregularshapes,of heavyor lightconsistency,andevenliquid
particlesareplacedinsidecavitiesorattachedtostructuresbyanappropriatemeansatstrategiclocations,toabsorb
vibrationenergy.Theobjectiveof theworkdescribedhereinisthedevelopmentofadesignoptimizationprocedure
anddiscussionof testresultsforsuchaNOPDtreatmentonhoneycomb(He) compositestructures,basedonfinite
elementmodeling(FEM) analyses,optimizationandtests.Modelingandpredictionswereperformedandtestswere
carriedoutto correlatethetestdatawiththeFEM. The optimizationprocedureconsistedof defininga global
objectivefunction,usingfinitedifferencemethods,todeterminetheoptimalvaluesof thedesignvariablesthrough
quadraticlinearprogramming.The optimizationprocesswas carriedout by targetingthe highestdynamic
displacementsof severalvibrationmodesof thestructureandfindinganoptimaltreatmentconfigurationthatwill
minimizethem.An optimaldesignwasthusderivedandlaboratorytestswereconductedtoevaluateitsperformance
underdifferentvibrationenvironments.Threehoneycombcompositebearns,withNomexcoreandaluminumface
sheets,empty(untreated),uniformlytreatedwithNOPD, andoptimallytreatedwithNOPD, accordingto the
analyticallypredictedoptimaldesignconfiguration,weretestedin thelaboratory.It is shownthatthebeamwith
optimaltreatmenthasthelowestresponseamplitude.DescribedbelowareresultsofmodalvibrationtestsandFEM
analysesfrompredictionsof themodalcharacteristicsofhoneycombbeamsunderzero,50%uniformtreatmentand
anoptimalNOPDtreatmentdesignconfigurationandverificationwithtestdata.
Nomenclature
x = Acceleration
i = Velocity
X = Displacement
F = Force
OJ = Frequency
11 = ithDesignVariable
c = Viscousdamping
c; = Coefficientof ithDesignVariable
t; = Criticaldampingratio
0] = Stressinthejibelement,ConstraintParameterfo Optimization
A.; = ithEigenvalue
A = AmplitudeofMotion
W = Averagedissipatedpower
t = Time
k = Stiffness
E/s, Els = Elasticmodulus,superscripts andsforfacesheetandsubscriptfordirection
GIJFS,G23FS=Shearmodulus,superscripts andsforfacesheetandsubscriptfordirection
[M],[C],[K]=Mass,DampingandStiffnessmatricesofthestructure
a ,f3 = Mass& Stiffnessrelatedampingratios
1.0 Introduction
Researchin thefieldofparticlemechanicshasshownthecomplexityoftheresponseofanensembleofgranular
particles,placedin a cavityin a vibratingstructure,underdynamicexcitation.At microscopicscalesenergy
dissipationmechanismsin solidsarepoorlyunderstood,sincethesedependonalargenumberofparameters.Thus,
particledampingdesigntoolsforapplicationonvibratingstructuresi notavailablel-3.
Particlemechanicshasbeeninvestigatedfor severaldecades.Therecentinterestin thedampingcapabilityof
particlesin vibratingstructureshasgivenaboosttothisareaofresearch4.Numerousorganizationsanduniversities
inmanycountriesarecurrentlyexpenmentmgwithparticlesfordampingstructuralndacousticvibrationsaswell
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astostudythevariouscomplexmechanismsof vibration/noiseenergyabsorptioni thisrobustechnique.Beingat
leastaseffectiveasotherdampingtechniques(e.g.,viscoelasticdamping),it is theonlyone,otherthanfriction
dampers,thatis insensitivetoharshenvironmentalconditions.NOPDis virtuallyunaffectedbytemperature,unlike
viscoelasticdamping5.BecauseNOPD canbe integratedintoexistinghardware,it hasalsoprovento be a
technologythatcanbeusedtosolvevibrationproblemsinnumerousfields5-7.
The particle-dampingprocessinvolvesfrictionandotherenergydissipationmechanisms.Frictionis the
macroscopicphysicalmanifestationf cohesiveandadhesivesurfaceforcesbetweenparticles;soanythingbeyond
semi-empiricall wsbecomesextremelycomplicated.Thecombinationof elastic,viscous,andplasticmechanisms
duringcollisionsanddeformationsof thegranularsystemsleadtomeso-scopicpropertiesthatprovidesresearchersa
formidabletopicforresearch.Theoreticaldvancementsinthisareaarelimitedtosimplifiedsystems.Thereis alot
of recentparametricor experimentalresearchon particleinstabilitiesbecauseof convection,sizesegregation,
fingering,rippleandstripeformation,andotherphenomenafoundin granularensemblesoutof equilibriums.
Numericalsimulationof thebehaviorof particlespresentsanewwayofunderstandinginteractionmechanismsand
patternsofflow,energydissipation,anddynamicregimes.
NOPD maybeconsideredasa generalizationf thewell-knownimpactdamper,in thatthelatteronlyusesa
singleparticleormass,whileintheformer,numerousparticlesareplacedin thecavity.Similartoimpactdampers,
particlesometimesmoveoutof phasewiththecavitywalls,resultingin impactsandcreatingfrictionalforces
amongsttheparticlesandbetweentheparticlesandthesurroundingwalls,andtheseprovidethemechanismsfor
energyabsorptionlO.The objectiveof theworkdescribedhereinis thedevelopmentof a designoptimization
procedureandtestresultsforsuchaNOPD treatmentonhoneycombcompositestructures,basedonfmiteelement
modeling(FEM)analyses,optimizationandtests.Modelingandpredictionswereperformedandtestswerecarried
outtocorrelatethetestdatawiththeFEM. Theoptimizationprocedureconsistsof definingaglobalfunction,using
finitedifferencemethods,todetermineoptimalvaluesofthedesignvariablesthroughquadraticlinearprogramming.
Theoptimizationof NOPDtreatmentdesignvariablesunderstructuraldynamicloadingis complicatedduetothe
distributionof particlesandconsiderationof responsesof severalmodesfor amplitudeminimization.Most
researchershavestudiedstructuraldesignoptimizationby takingminimumweightasobjectivefunction,under
constraintson staticdisplacementsandstresses.However,littleefforthasbeenmadefor optimaldesignof
dynamicallyconstrainedstructures,suchasthiscase.Topreventpotentialresonancebetweenastructureandapplied
forces,designsarecarriedoutsuchthattheresponseamplitudesof selectedmodesareminimizedunderdynamic
loadingnearthenaturalfrequencies.Hereinoptimizationwascarriedoutonthoseselectedfrequencieswithinthe
structuralresponsespectrumwherehighstressescancausefailureandwheredampingcanbeeffective
A StandardGeneticAlgorithm(SGA)wasusedinparallelwiththeSequentialQuadraticProgramming(SQP)on
a honeycombeamstructure.TheSGA hasa linearrankingschemeforparentselection,a setof basicgenetic
operators(crossover,mutation,andgeneswap),andanelitistselectionprocedure.Thisapproachprovidespoints
closeto thegloballyoptimal,butit is verycomputationallyintensiveandlacksrobustness.However,tostarthe
optimizationprocessfortheSQPalgorithmtheseinitialpointsareused,withthenonlinearoptimizationconstraints,
to determinetheoptimum.The SQP is solvedfor everyinitialpointpredictedby SGA. NOPD treatment
optimizationrequiresamount/weightminimizationofparticlesubjecttoacceptabledynamicresponses.Thedesign
variablesareparametricandmultivariableso thatcontinuouspatialcontrolof theNOPD canbe maintained
independentofmeshregimentsandnaturalfrequencies.
An optimaldesignwasderivedandlaboratorytestswereconductedtoevaluateitsperformanceunderdifferent
vibrationenvironments.Threehoneycombcompositebeams,withNomexcoreandaluminumfacesheets,empty
(untreated),uniformlytreatedwithNOPD,andoptimallytreatedwithNOPD,accordingtotheanalyticallypredicted
optimaldesignconfiguration,weretestedin thelaboratory.Thebeamsweresuspendedwithrubberbungeechords
andstructurallyexcitedbyahammerand/orshaker.It isshownthatthebeamwithoptimaltreatmenthasthelowest
responseamplitude.
II. oFiniteElementAnalysis& Optimization
Themechanicsof solidparticlesandtheirdampingoracousticattenuationeffectivenessin a structureinvolves
complexrelationsandparameters6.10.To studythedampingeffectivenessoflightparticles,placedinsidethecellsof
stiff honeycombstructures,a oneyeardurationtestandanalysisprogramwas initiatedin Pratt& Whitney
Rocketdyne(PWR)in September04(Boeing,RocketdynePropulsion& Poweratthattime).Thisprow-amwas
sponsoredby theNASA LangleyResearchCenter(LRC), StructuralAcousticsBranch.In thisstudylaboratory
vibration/modaltestingandfmiteelementanalyseswerecarriedouttopredictthemodalcharacteristicsof the
honeycombeams,providedbyNASA, andmodel-testcorrelationswereperformedto anchortheFEM withtest
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data.ThesetestswerethenrepeatedunderdifferentNOPDtreatmentsofthehoneycombtocharacterizetheparticle
andfill configurationeffectsonperformance.Thebeamsweresuspendedwithrubberbungeechords(free-free)and
structurallyexcitedby a shaker/hammer.Analysiswasthencarriedout,usinga correlatedFEM, to fmd an
optimizedtreatmentprofile in the frequencyrangeof interest,by consideringa numberof predetermined
parameters/constraintsfor heoptimalNOPD treatmentconfiguration.
TbreebeamsofcompositeNOMEX coreandaluminumface-sheethoneycomb,withdimensionsof46in x 2 in
x 0.75in weretestedformodalparameteridentification.TheFEM wasdevelopedin ABAQUS softwareandused
forpredictionsofthesemodalcharacteristics.Randomexcitationswereinitiallyusedin thelaboratorytodetermine
thefrequenciesofthebeamfundamentalmodesandtheirpreliminarydampingvalues.Sinusoidalshakerexcitations
andhammerinputswerethenusedtocharacterizedampingofeachindividualmode.Optimizationwascarriedout
todeterminethebestNOPD treatmentconfiguration,wherebytargetfrequencyresponses,of specificmodes,were
minimizedwithanappropriateobjectivefunction.
In theFEM of thebeam,thehoneycombcellsweremodeledasindividualsolidelementswhilethefacesheets
weremodeledwithseparatesolidelements.'Themodelis solvedinABAQUS. Severalanalyseswereperformedto
estimatethepassivedampingpropertiesof theNOPD materialbasedontestdataobtainedinvibration/modaltests.
Theface-sheetswereassumedtobeorthotropic.TheHC coreitselfwasmodeledasanorthotropicmaterialwith
perturbationsin densityanddampingto representtheNOPD materialstested.For correlationwith testsand
determinationfmodaldampingofaparticularmode,frequencydependentmodalcompositedampingwasused.To
predictotalresponsedirectintegrationwasusedwithmaterialdampingandnonlineardependenceonfrequencies.
Severalnumericalanalysistepsarerequiredtoestimatethepassivebroad-banddampingpropertiesof theNOPD
material.Optimalcorrelationof thebeamparameters,withoutNOPD treatment,wasfirstperformedto matchthe
elasticpropertiesandthebaselinesystemdampingwiththoseof thelabtests.A Pythoncomputerprogramwas
writtento automaticallygenerateinputfiles to ABAQUS, to run andpost-processtheresultswithoutuser
intervention.The Pythoncodegeneratesfive typesof linearfiniteelementsolutions:eigenvalue,harmonic,
harmonicwithcompositedamping,random,andharmonicdirectintegrationwithpassivebroad-bandamping.The
predictionof theresponsesandtheanalysesinvolvedarenonlinear(lineardynamicperturbationtheory),andwas
performedin Abaquswith thePythoncodeandan optimizationalgorithm.The scriptwaswrittensuchthat
refinementis achievedbychangingasingleparameterandstudieswereperformedforall fivetypesofanalyses.The
finalmeshdensityof theFEM wasdeterminedbyrefinements udiesandsixdegreesof freedom(DOF)wereused
tocaptureminimumwavelengthinthestructure.Theglueplustheface-sheetwasmodeledasasinglelayerwithina
planestresslaminatestructure,sothedensityandthedynamicmodulusof thealuminumweremacroscopically
smeared.Theface-sheetpropertieswereassumedtobeorthotropiclaminainplanestress,sinceit is symmetrical
throughits thickness.TheHC wasmodeledsimilarlywithperturbationsin densityanddampingto representthe
NOPD material.Out-of-planewarpingdueto non-symmetricalstiffnessthroughtheHC thicknesswasassumed
negligibleascomparedtotheface-sheets iffuess.
Theapproachtakenin theNOPD treatmentoptimizationwasto minimizethedampingtreatmentmaterial
weight,withconstraintsin thecontinuousdesignvariablesof thedynamicresponsesof thestructuresubjecto
nonlinearconstraintsonselectedmodes.Designvariablesweredefinedaspiecewisecontinuousmultivariatespline
functionswithevenlydistributedcontrolknots.To thisenda StandardGeneticAlgorithm(SGA) wasusedin
conjunctionwiththeSequentialQuadraticProgramming(SQP)onahoneycombbeamstructure.TheSGA usesa
linearankingschemeforparentselection,asetofbasicgeneticoperators(crossover,mutation,andgeneswap),and
anelitistselectionprocedure.Thisapproachprovidespointsclosetothegloballyoptimal,butit is computationally
veryintensiveandlacksrobustness.However,whentheseSGA pointsareusedas initialvalues~ startthe
optimizationprocessfortheSQPalgorithm,withthenonlinearoptimizationconstraints,it ispossibletodetermine
thelocalboundedminimaand,thusreducethetargetedynamicresponses.Multipleinitialpointswereextracted
ITomtheSGA forlocalSQPmultimodalsearchspaces,whereadistancemetricwasdefinedoverthedesignvariable
searchspace.ThisprocesshelpedSQPtoidentifyauniquesearchspace.TheSQPwassolvedforeveryinitialpoint
predictedbySGAtogettheoptimum.
A. MathematicalFormulationof theOptimizationProblem:
Instructuraldynamicoptim.i:Gi1Liull(SDO)problems,constraintsondesignvariables,uchasstaticresponse(e.g.,
staticstress,displacement,localstability,andtheirtimederivatives),dynamicresponse(e.g.,frequencyresponse
andimpulseresponse)andnaturalfrequencyareoftenused.Supposetheithdesignvariableis ~,whichusually
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representsa setof elementshavingthesameNOPD treatment,andCias thecoefficientcorrespondingto 11.
Moreover,letOJrepresentasetofdynamicresponseconstraintsontheilbeigenvalueandA;representtheprohibited
domainsof naturalfrequenciesandspecificationsonparticularnaturalfrequencies.S is a givensetof available
parametricfunctionlimits,whichimplicitlyincludethelowerandupperboundsof designvariables.TheSDO
problemcanbewrittenas:
minimize
k
W=W(vJ =LCiVi
i=1
subject - to CYj<.:;,aj ~ uj <.:;,uj' itj <.:;,up iij <.:;,Uj
<-
amn - amn
gj(v) <.:;, 0
~,~ A. <.:;,.:r ,, , ,
VES(x,y)=(Sj :j =5%,...,95%)
where:UV)cyc=mbA2tV2,OJis thestressin thejibelement,whichimpliesproportionallinearresponseswhen
subjectedto lineardynamics,andamnis theamplitudeof thefrequencyresponseof themthdegreeof freedom
excitedatnibdegreeoffreedom,respectively.Thebaroveravariablerepresentsthetargetvalueof thevariable.
Thestructuralforcedvibrationequation,basedonthefiniteelementmethod,canbeformulatedusingthemass,
dampingandstiffnessmatricesofthestructureas[M],[C]and[K],respectively.In thesetofequations(3),x,x,x
areacceleration,velocityanddisplacementvectorsrespectively,andu istheirrelativedeflections;{f}istheexternal
forcevector.
[M]{x}+[C]{x}+[K]{x}={f}
{x}+2Qi{X}+mi2{x}={f(O)}
[K]{~J=AJM]{~J
(3)
where {~i} is theeigenvectorcorrespondingto theeingenvalueAi' The amplitudeof thefrequencyresponsecan
thenbeobtainedas
amn =~Re~n+Im~n
A. - 02 2(. A~/202
Remn=~mi~in(A _02)2 4(2A02' Immn=~mi~in(A _02)2'i + i i i 1- '+Si AiU
inwhichn is theexternalfrequency,n is thenumberof degreesof freedomof thestructureandSiis theilbmodal
dampingratio.To SDOproblemisobtainedintwosteps.First,afeasiblesolutionissoughtwhichsatisfiesallofthe
givenconstraints,usingcontinuouslychangeabledesignvariables.Thentheoptimumsolutionis determinedbased
onthepredictedsetoffeasiblesolutions.
B. FeasibilitvSpace:
In theoptimizationprocess,severalconstraintsmaybecomesimultaneouslycritical.The characteristicsof
frequencyresponsesforvariousnaturalfrequenciesare,ingeneral,different.To improvetheefficiencyinconstraint
satisfaction,wedefineanormalizedconstraintfunction,as
la -a I +a -a IAi -1;I +Ai-1; IAi+1-1;+11 +Ai+1-1;=1
Z(v) = mn mn_ mn mn + _ + _
2amn 2Ai 2Ai+1
A necessaryandsufficientconditionforasolutiontotheSDOproblemis tosatisfytheconstraintsZ(v}=O.Using
thisconstraintfunction,theoptimizationproblemcanbewrittenas
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minimize
k
W =W(Vi) =2:>iVi
i=1
subjecttoZ(Vi) =0
.. <..Uj _ Uj
Vi E S =(Sj : j =1,2, N)
Generally,thesolutionis obtainedin aniterativemanner.Thestructuraldynamicharacteristicsarecalculated
in eachcycleto findtheincrementalchangesandtodeterminewhethertheconstraintsaresatisfiedornot.For a
largeorcomplicatedstructurewithalargenumberofdegreesoffreedomapproximationmethodsareusuallyusedto
improvethecomputationalefficiency.
Thestructuraleigenvalueproblemcanbeformulatedas;
(([K] +[M])-A~([M]+[L\M]) ){{bim}=0
in which[LV() and[AM] aretheincrementalchangesin thestiffuessandmassmatricesdueto thestructural
modificationin eachiterativesolution,respectively,A~is theilbeigenvalueof thestructureand {~m}is its
correspondingeigenvector.Let {{bt}={{bJqi={~}{q}sothat
([Ko]+[~Y[M][~])-A~([I]+[~f[L\M][~]){qi}=0
inwhichKois adiagonalmatrixwithmleigenvalues,withamuchlowerdimensionthantheoriginalone. For the
NOPDhoneycombelementsAi( wasassumedtobeverysmallandonlytheoriginalstiffuessof thestructurehas
beenretained.By fmdinga feasiblesolutionwhichsatisfiestheresponseandnaturalfrequencyconstraints,the
optimumvalueswereautomaticallyderived.
Dampingwasdeterminedasamodalcomponent,~i,andwastakenasmodeshapedependentforevery,cl>i,eigen
vector.Thedampingparameterin theanalysiswasassumedindependentof frequency.Thefmiteelementshave
continuousdampingdistributions,forbothtreatedanduntreatedhoneycombbeams.Thisprocedureispracticaland
efficientandit candealwithnotonlyconstraintsof stress,displacement,andtheirderivatives,butalsofrequency
response.
In theanalysisa piece-wiseHermitegeometricformbi-cubicpolynomialwasusedastheNOPD distribution
function,to representthetreatmentparameterusedfor theoptimizationof thedesignvariables.The bi-cubic
Hermitemappingbasisof mono-variatepolynomialsformssmoothblendingfunctionsthatforcesecondorder
continuityacrossboundaries.Thesemappingsareapplied,elementby element,on4x4localarraysof pointsand
vectors,arrangedin thestandardway,twoextremepointswiththeirderivativesattheseextremepoints.Design
variables,therefore,consistof boththeextremepointsandtheirderivativesandcontroltheNOPD dampingmesh
independently.
Themassof theparticlesaswellastheirinducedampingeffectshiftsthefrequencypeakresponsesto lower
values.For thisreasona forcedsuperpositionharmonicsweepforagivenfiequencyrangewasrequiredfor every
mode.Thepeakresponseamplitude,amn,wasusedasthenonlinearconstraintduringasinesweeparoundthepeak.
All theresponseswereevaluatedateverydesignpoint.As thenumberofdesignvariablesareincreasedthefidelity
of theNOPD treatmentdistributionbecomeslessandlesssmoothandall thedampingtreatmentapproachesa
discreetsolutionat threepoints(Figure1. locationA). Howeverthephysicalimitationplacedon the fill
characteristics(FigureI locationC) forcedtheoptimizertospreadoutthetreatment(FigureI locationB).Thelatter
is consideredastheoptimalfill configurationforthehoneycombbeam,consideringthepracticalityissuesof filling
thehoneycombwithparticles.
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Figure1.Sketchof theNOPD optimaltreatment
C. DerivationofOptimalTreatmentConfieuration
A compositeHC beamis investigatedforoptimalNOPD treatment.Theaddedmassof theparticleswastakenasa
performancecriterion,withconstraintsontheresponseamplitudes(ofa fewtargetmodes)andthemass.A finite
elementstructuralmodelwasusedtooptimallydetermineboththeplacementofparticlesandparametersdescribing
associatedmodalcomponentsin a dampedstructure.The techniqueutilizesa mechanicaltheoryto analytically
determinetheresponseof arbitrarystructureswitha dampingmaterial.Theoptimalsolutionusesa fullycoupled
theoryrequiringsimultaneousmodelsofboththestructuralandthedamping/materialcomponents,andthecomplex
stateof superpositionof forcesthatmayexistdueto theparticles,therebyprovidingthemechanicalresponse
reductions.A robustoptimizationprocedurewas developedto designtheNOPD systemfor a potentialof
simultaneousdampingof severalcriticalmodesof interestandwas simplifiedby assuminglinearmodal
superposition.
1. SimplexMethod:In 1962anefficientsequentialoptimizationmethodcalledthebasicsimplexmethodwas
presentedbySpendleyeta116.Thismethodwill findthetrueoptimumofaresponsewithfewertrialsthanthenon-
systematicapproachesortheone-variable-at-a-timemethod.Twosimplexalgorithmsareusedsimultaneouslyinthe
in the MultiSimplexoptimizationalgorithmsdevelopedin orderto enhancethe capabilitiesof the simlex
method.Aftertheinitialtrialsthesimplexprocessis sequential,withtheadditionandevaluationof onenewtrialat
a time.Thesimplexsearchessystematicallyfor thebestlevelsof thecontrolvariables.Theoptimizationprocess
endswhentheoptimizationobjectiveisreachedorwhentheresponser ductioncannotbeimprovedfurther.
Theobjectivefunctionattributedtominimizingthebeamweightwasdefinedintheformof asmoothfunctionof
thesummationof all theindividualmassesof theaddedparticlesin eachcell.However,thedynamicresponse
constraintfunctionsareinherentlynon-smooth.The nonlinearboundaryconstraintsof theoptimizationwere
simulatedasanoverweightgradientintheobjectivefunction.Thesimplexalgorithmscanhandleonlyoneresponse
ata time,butusuallytherearemanyresponsevariablesto optimizesimultaneously.A methodto forma joint
responsemeasure,fromtheindividualresponsevariables,wasthereforeneeded.
2. NonlinearQuadratic:SequentialQuadraticProgramming(SQP)methodsrepresentthestateof theartin
nonlinearprogrammingmethods.Newadvancesin thisapproachallowmimickingNewton'smethodforconstrained
optimizationjustasis doneforunconstrainedoptimization.Usingaquasi-NewtonupdatingmethodtheHessianof
theLagrangianfunctionis approximatediteratively.This is thenusedto generatea SQP sub-problemwhose
solutionisusedtoformasearchdirectionforalinesearchprocedure.It isassumedthatboundconstraintshav/':1:I/':l":n
expressedasinequalityconstraintsandthenthequadraticprogrammingsub-problemis createdby linearizingthe
nonlinearconstraints.A nonlinearlyconstrainedproblemcanoftenbesolvedin lessnumberof iterationsthanan
unconstrainedproblemusingSQP.Oneof thereasonsfor thisis that,becauseof limitsonthefeasibleregion,the
6
AmericanInstituteofAeronauticsandAstronautics
optinrizercanmakeinformed ecisionsregardingdirectionsofsearchandsteplength.
A nonlinearoptimizationwasalsoperformedusingLine-searchNewtonConjugateGradient,defmedby quasi-
analyticresponsefromAbaqusDSA andfinitecentraldifferencedefinedbytheoptimizeritself.Thelownequency
modeswerenotassensitivetomaterialpropertiesashighfrequencymodes,sotheformerwerecorrelatedfirstand
thenhighernequencymodeswerecorrelated.WhenusedfortheNOPDtreatmentoptimizationthesolutionworked
foralimitedsetofdesignvariables.
3.NonlinearGenetic:Optimizationdifficultiesarisewhentheequationsin amodelarenotgloballyconcave.This
isoftenthecasewithnonlinearsystemmodels.TheGeneticoptimizationalgorithmcombinesevolutionarymethods
witha quasi-Newtonapproach.Appropriateformulationof theproblemin anevolutionarymannercanmakethe
algorithmconvergetotheglobaloptimummuchmorequickly.An evolutionaryalgorithm(EA) usesacollectionof
heuristicrulestomodifyapopulationof trialsolutionsin suchawaythateachgenerationof trialvaluestendstobe
onaveragebetterthanitspredecessor.TheEA is fundamentallyageneticalgorithm(GA) inwhichthecode-strings
arevectorsof floatingpointnumbersratherthanbitstrings,andtheGA operatorstakespecialformstunedfor the
floating-pointvectorepresentation.A GA usesasetof randomizedgeneticoperatorstoevolvea finitepopulation
of fmitecode-stringsovera seriesof generationsThe operatorsusedin GA implementationsvary,but in an
analyticalsensethebasicsetof operatorscanbedefmedasreproduction,mutation,crossoverandinversion.Usedin
suitablecombinations,thegeneticoperatorstendtoimprovetheaveragefitnessof eachsuccessivegeneration17.
Dueto theharshnessof ourhighlynonlinearesponseboundaryconstrains,thegeneticalgorithmwas to
accommodatethelargenumberof designvariablesrequiredandincreasethenumberof responseconstrainsthat
definethenonlinearboundaryconditionsof theoptimization.Localminimawerefirst identifiedby suggestive
quadraticmethodsnom severalocalbestbreedingparentgroups.Thebreedingproducedmoredirectoptimal
offspringsandidentifiedthelocalminimaveryquickly.TheAnnealingmethodusingalocalparentpopulationwas
idealforthissituation.
It iscriticaltostartwitha largerandompopulationof initialpointsthatcanbreed(andmayhave)a largegenetic
poolwithenoughgenediversitytoidentifytheglobalminimumof severalgenerations.Startingwithaverydiverse
geneticpopulationandacceptingonlythebesttobreedhasamuchfasterconvergencerateandabetterchanceof
findingtheglobalminimum,thanlettinggeneticmutationdrifttakeplaceovermany-manygenerations.
4. AnalyticalProcedure:The firststepis to modelthebeamHC structureasa compositelaminateflat shell.
Correlationof thebarebeamcharacteristics(withoutNOPD passivedamping)withtestdatais performednextto
matchtheelasticpropertiesandthebaselinesystemdampingofthebeamnomthelabtest.Thebeamwasmodeled
inAbaqusandmatchedtothedynamictestdata,ascloselyaspossible,byitsdynamicresponse.Again,anyout-of-
planewarpingdueto non-symmetricalstiffuessthroughthethicknessof theHC wasassumednegligibleas
comparedtothestiffuessof theface-sheets.TheNOPD treatmentwasmodeledasanewshelllayerin theHC so
thatanelementbyelementmaterialdampingcouldbecontrolledeasilybycompositedamping.No parametershad
to bechangedin thePythoncodefor differentfiniteelementmodelconfigurations.Resultswereautomatically
foundandevaluatedby the Pythoncodeas inputto thenextmodelfor multiplerestartsandoptimization
requirements.Theresponseamplitudesof threemodeswereused,selectednoma largerangeof thebeaIIlmodes,
for theoptimization.Themodeswereselectedfromthosewiththehighestresponse,frombothtestandanalysis.
Theresponseamplitudewasrepresentedby themaximumFRF value,determinedfromseveralsamplingsnearthe
undampedmodeFRF, tomakesurethatthepeakresponsepointwasfound. .
OptimizationResults:Dynamicanalyseswerecarriedoutonthesteady-stateamplitudeandphaseof theresponses
duetoharmonicexcitationateachnequencyviaa frequencysweep,similartothosein sine-sweeplaboratorytests.
By applyingtheloadingat thesamelocationasthetestandnormalizingtheresponseswithrespecto theload
resultscomparablewith the testwereobtained.The responseof interest,which was usedfor test-analysis
correlation,isthenormalizedacceleration[glIb]atacomerofthebeam
Thedampingat selectednequencieswasanalyticallydeterminedby runningmanyFEM caseswithdifferent
dampingvaluesuntil theamplitudeattenuationof themodesof interestwerecorrelatedwiththetestdata.The
criticaldampingratioswerecalculatedatthefewselectedominantmodesof interestandwerethenappliedtothe
surroundingmodes.
Figure2 showscomparisonsof theoptimizationresultsof the(quadraticombinedwiththegenetic)optimizers
willerlllffurelllnumberot designvanables.Herethehighestweightis givenin red,wherethecorrespondingpeak
responseoccur,andtheseareminimizedfor thr.eeselectedmodesof interest.Thequadraticoptimizerproduceda
lowerweightbutfailedtomakeall responsesbelowthetargetedthreshold(1 glIb)for oneof theresponses.The
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geneticalgorithmaddedalittlemoreweightbutdidproducetheacceptabler sponses.Figure(3)showsthewaythe
resultswereimplementedforeaseofapplicationandtest.
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Figure2.OptimalPredictedNOPD Fill Beam(Red=100%,Green50%&Blue0%)
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Figure 3.OptimalImplementedNOPD Fill Beam(Red=100%,Green 50%& Blue 0%)
(Weightof EmptyBeam=265g, Weight50%Uniform=285g andOPT Genetic=277g )
D. ModalNibrationTests:Modalandvibrationtestswerecarriedoutin theEngineeringDevelopmentLab(EDL)
of PWR, to characterizethemodalparametersof thehoneycombeams.ThreebeamswithNomexcoreand
aluminumfacesheetswereused,onebeamwasunfilledandusedforbaselinepurposesanda secondbeamwas
filleduniformlywithPerliteparticles50%fun,andthethirdonewasfilledaccordingtotheoptimumconfiguration
thatwasderived(Figure3).Theyweretestedfree-freeunderidenticalsuspensionandvibrationconditionsfor
comparison.Sinusoidalandrandomshakerinputtestswereconductedtogetagoodestimateofmodaldainping..The
resultsindicatethefirstbendingmodeis at103Hz fortheundampedbeamandat101Hz and-98 Hz forthebeam
withparticles.Theestimateddampingvaluefor theundampedbeamis about0.08%for thefirstbendingmode,
whileforthe50%filledbeamit wasabout1.7%andfortheoptimumitwas~2%,respectively.Dampingvaluesfor
thesecondbendingmodewere0.17%, 1.8%and2.6%at258Hz,256and254Hz frequenciesforthethreebeams,
respectively(seeFigure4).
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Figure4.BeamResponseFRF with& W/O NOPD,HammerInputs
III. 0 Conclusion
TheoptimalconfigurationforNOPD treatmentwasderivedthroughtheuseof ABAQUS PEM anda genetic
optimizationalgoritlun.Theresultsindicatea treatmentconfigurationthatmakesintuitivesenseandtestsindicate
thatheoptimallytreatedbeamperformancewassuperiortothenominal/unifonnfill configuration.
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